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Atomic systems, ranging from trapped ions to ultracold and Rydberg atoms, offer unprecedented
control over both internal and external degrees of freedom at the single-particle level. They are
considered among the foremost candidates for realizing quantum simulation and computation plat-
forms that can outperform classical computers at specific tasks. In this work, we describe a realistic
experimental toolbox for quantum information processing with neutral alkaline-earth-like atoms in
optical tweezer arrays. In particular, we propose a comprehensive and scalable architecture based
on a programmable array of alkaline-earth-like atoms, exploiting their electronic clock states as a
precise and robust auxiliary degree of freedom, and thus allowing for efficient all-optical one- and
two-qubit operations between nuclear spin qubits. The proposed platform promises excellent perfor-
mance thanks to high-fidelity register initialization, rapid spin-exchange gates and error detection
in readout. As a benchmark and application example, we compute the expected fidelity of an in-
creasing number of subsequent SWAP gates for optimal parameters, which can be used to distribute
entanglement between remote atoms within the array.
Keywords: quantum information with ultracold atoms; spin-exchange quantum gates; optical tweezer arrays;
two-electron atoms; clock state manipulation
I. INTRODUCTION
During the last two decades, neutral atoms have been
explored as an efficient and scalable quantum computing
platform [1–8]. In these systems, internal atomic states
with very long coherence times are typically available,
allowing for the robust storage of quantum information.
By applying suitably tailored radiation, single qubits can
be manipulated with fidelities above 99%, as has been
demonstrated in numerous experiments [9–11]. While
large numbers of qubits can be initialized, read out, and
coherently manipulated at the single-particle level, the
implementation of scalable, high-fidelity two-qubit entan-
gling gates, often realized through the Rydberg blockade
effect [12, 13], remains an outstanding challenge.
In this context, collisional two-atom gates present key
advantages, as they are intrinsically local, thereby reduc-
ing complexity and enhancing scalability [14–16]. Specif-
ically, entangling gates for trapped atoms have been
proposed based on spin exchange, arising from spin-
dependent collisional dynamics [8, 17]. However, de-
spite impressive proof-of-principle implementations [18–
20], no complete spin-exchange-based universal comput-
ing architecture has been implemented to date. The aim
of this proposal is to connect well-established ideas in
quantum information processing with neutral atoms with
state-of-the-art experimental capabilities. In this work,
we propose and analyze a realistic architecture based on
spin-exchange entangling gates among neutral alkaline-
earth-like (AEL) atoms trapped in programmable optical
tweezers, allowing gate fidelities above 99% and favorable
scaling to large arrays of qubits.
Research with ultracold gases of AEL atoms has ex-
panded rapidly in recent years, motivated by their unique
and versatile internal structure that offers exciting pos-
sibilities for quantum simulation [21–23] and quantum
metrology [24]. Owing to the simultaneous presence of
nuclear and electronic degrees of freedom with excep-
tional coherence properties, fermionic two-electron atoms
provide a powerful toolbox for quantum information with
ultracold atomic gases [25–28], that makes them ideal
candidates for realizing scalable quantum computing ar-
chitectures. In particular, 173Yb and 87Sr feature the
combined presence of a long-lived 3P0 excited state and
the associated ultranarrow 1S0 → 3P0 clock transition,
with a recently discovered large and elastic spin-exchange
coupling between the two clock states [29–32], a key re-
source for the implementation of efficient spin-exchange-
based quantum gates. Moreover, the nuclear spin degree
of freedom of AEL atoms is particularly suitable for en-
coding quantum information, owing to its weak sensitiv-
ity to external magnetic and electric fields, and to SU(N)
symmetry of collisions for both clock states (J = 0)
[29, 30, 33], which increases the flexibility of quantum
information schemes [26]. Such exceptional features have
already been exploited to realize the most precise atomic
clocks to date [34–36], and for quantum simulation of
many-body physics in novel regimes [37–40].
In this proposal, we show that programmable arrays
of optical tweezers, which have recently stimulated in-
tense research efforts [13, 19, 20, 41–46], allow for opti-
mally harnessing the spin-exchange coupling between the
clock states of 173Yb or 87Sr to implement a fully con-
trollable quantum register with practical individual-qubit
addressing and detection, great robustness and fast repe-
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FIG. 1. General architecture for quantum information
with neutral AEL atoms in optical tweezer arrays. (a)
Qubit encoding in the nuclear spin states and relevant clock
transitions. The auxiliary optical clock qubit is exploited to
perform one-qubit rotations, two-qubit spin-exchange gates
and shelved detection. (b) Staggered |g〉-|e〉 configuration in
a magic-wavelength one-dimensional tweezer array.
tition rates. The paper is organized as follows. In Section
II, the general architecture based on AEL atoms in pro-
grammable optical tweezers will be outlined. In Section
III, we explain how the electronic clock state can be used
as a convenient auxiliary degree of freedom to perform
efficient one-qubit gates and to realize fast and reliable
two-qubit entangling operations via spin-exchange inter-
actions. In Section IV, we discuss the experimental tech-
niques to cool down, initialize, and read out the atomic
array.
II. ARCHITECTURE
The general concept of our scheme is illustrated in
Fig. 1. The starting point of this proposal is a one-
dimensional array of optical tweezers loaded with single
173Yb or 87Sr atoms [19, 20, 41, 44]. These atoms en-
dow both long-lived electronic states and magnetically
insensitive nuclear spin states [28]. The latter can be
conveniently used as a memory qubit (see Fig. 1a), fea-
turing very long coherence times owing to their natu-
ral resilience to environmental magnetic perturbations, a
feature shared with other promising quantum memories
[47]. On the other hand, the electronic degree of free-
dom serves as an ancillary qubit to perform both one-
qubit coherent manipulations and measurements, as well
as state-selective atom transport [25, 28, 48]. In the case
of 173Yb and 87Sr, the upper |3P0〉 ≡ |e〉 state is con-
nected to the ground |1S0〉 ≡ |g〉 state by ultranarrow
clock transitions at 578 nm and 698 nm, respectively. The
lifetime of the |e〉 state, τ > 20 s, allows for several coher-
ent single-photon manipulations of the optical qubit state
within reasonable experimental timescales. Our protocol
exploits deep magic-wavelength tweezers at λm ' 465 nm
for 173Yb and λm ' 497 nm for 87Sr, where the |g〉 and
|e〉 states possess equal AC polarizabilities (see Table I-
II). In such magic traps, the manipulation of the optical
qubit becomes independent of the trapping potential, and
atoms in different clock states experience equal potentials
when merged into the same single-tweezer trap.
For an efficient implementation of two-qubit operations
based on the spin exchange between |g〉 and |e〉 states
(see Section III), the register needs to be initialized in
a staggered electronic-state configuration (see Fig. 1b):
odd (even) traps are occupied by |g〉-atoms (|e〉-atoms).
This ensures that only a single |g〉- and |e〉-state atom
participate in a spin-exchange gate between neighbour-
ing atoms, completely avoiding inelastic lossy collisions
between |e〉 atoms [29, 30], which is a fundamental limi-
tation of other schemes [25, 26]. We will discuss the ini-
tialization of the register in this alternated configuration
in Section IV.
Computational qubits are encoded in the atomic nu-
clear spin degree of freedom I, with F = I = 5/2 for
173Yb and F = I = 9/2 for 87Sr, for both the |g〉 and |e〉
states. For simplicity, we will limit the occupation of the
nuclear spin manifold containing 2F+1 states to only two
adjacent spin states, which are taken asmF = −F,−F+1
in the following without loss of generality (see Fig. 1a).
The computational basis is therefore given by:
|0〉 = |↓〉 ≡ |mF = −F 〉
|1〉 = |↑〉 ≡ |mF = −F + 1〉.
In the staggered array, fast two-qubit entangling ex-
change gates are implemented by using a moving trans-
port tweezer beam at the tune-out wavelength λg '
570 nm for 173Yb or λg ' 633 nm for 87Sr to selectively
merge/de-merge |g〉-atoms with |e〉-atoms occupying a
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FIG. 2. Clock pulse sequence for arbitrary one-qubit
operations. Using two spin-selective global mapping pi-
pulses with σ± enclosing the one qubit pi-polarized pulse, ar-
bitrary one-qubit rotations can be performed.
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FIG. 3. Spin-exchange two-qubit gate protocol. (a) A transport tweezer at the tune-out wavelength λg is used to
adiabatically transfer a |g〉-state atom into the adjacent magic-wavelength tweezer, occupied by a |e〉-state atom. An OS beam
is used to provide a strong spin-dependent light shift, so as to energetically inhibit the spin-exchange process between the two
atoms. (b) The transport tweezer is first ramped up to a depth Vg in a time tup, then its position is shifted to the position of
the neighboring trap in a time tover, and finally it is ramped down to 0 in a time tdown. (c) A
√
SWAP gate between states
|e ↑〉 and |g ↓〉 is performed by turning off and on the OS beam for a time ∆tgate = h/8Vex, while the two atoms are trapped
in the same magic tweezer. During this time, half a spin-exchange oscillation occurs, entangling the two nuclear spin qubits.
neighboring potential well. The exchange gate can be
timed precisely by exploiting a strong spin-dependent
light shift from a circularly polarized beam, closely de-
tuned from the 1S0 → 3P 1 transition (see Section III B
for details).
III. GATE OPERATIONS
A. One-qubit gate
One-qubit gates are performed through a composite
clock-pulse sequence (see Fig. 2). The following scheme
is used for |g〉 atoms (odd traps): (1) the |g ↑〉 popu-
lation is mapped on a |e ↓〉 with a σ−-polarized clock
pi-pulse, mapping the nuclear qubit on the optical qubit
(|g〉 = |0〉, |e〉 = |1〉); (2) we perform the gate on the
optical qubit by driving the clock transition at a Rabi
frequency Ω0 using pi-polarized light; (3) we re-map the
optical qubit on the nuclear qubit |e ↓〉 → |g ↑〉 with a
second σ−-polarized clock pi-pulse. For |e〉 atoms (even
traps), the same procedure applies, but the nuclear-
optical qubit mapping is performed with a σ+ clock pulse.
The speed of one-qubit operations is determined by the
clock Rabi frequency Ω0. The frequency selectivity be-
tween pi or σ± clock transitions associated to different
mF states is only limited by the differential energy shift
hδeg between the |g〉 and the |e〉-state manifolds. In or-
der to shift the different mF states within the |g〉-state
manifold from one another, a spin-dependent light shift
can be applied by shining a circularly-polarized beam
closely detuned from the 1S0 → 3P 1 transition. An en-
ergy separation between the |↓〉 and |↑〉 of the order of
h× 1 MHz is easily achievable (see Appendix B), and al-
lows in principle for µs-scale one-qubit operations. In
addition, a quantization magnetic field B can be used
to induce a differential Zeeman shift δeg = mFB ×
112(1) Hz/G−B2×0.062(1) Hz/G2 for173Yb [49, 50], and
δeg = mFB × 108.4(4) Hz/G − B2 × 0.233(5) Hz/G2 for
87Sr [51].
B. Two-qubit exchange gate
The two-qubit gate is based on coherent spin-exchange
interactions between |g〉 and |e〉 atoms occupying the mo-
tional ground state of the same tweezer. As shown in
[29–32, 52], atoms in different electronic states |g〉 and
|e〉 feature a strong spin-exchange interaction Vex, whose
strength is set by the difference between the triplet and
singlet scattering lengths a±eg [21]. Two atoms can be
entangled using a
√
SWAP gate, realized by adiabati-
cally merging the atoms and letting them undergo spin-
exchange dynamics for a time ∆tgate = h/(8Vex).
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tover
<latexit sha1_base64="4xtMUxIgAuq7u 0DIc4yW1nlFbHw=">AAACL3icbVDLSsNAFL3xWeurVXduBovgqiRufKwKblxWsLbQhDKZ TnRwJgkzN2IJXfoLbvUb/BrdiFv/wknbRR8eGDiccy/3zAlTKQy67peztLyyurZe2ihvb m3v7Faqe3cmyTTjLZbIRHdCargUMW+hQMk7qeZUhZK3w8erwm8/cW1EEt/iIOWBovexi ASjaCUfe7mvFUnsyLBXqbl1dwSySLwJqTUqLwcNAGj2qs6O309YpniMTFJjup6bYpBTjY JJPiz7meEpZY/0nnctjaniJshHoYfk2Cp9EiXavhjJSJ3eyKkyZqBCO6koPph5rxD/9Qp Fm8jM3M9DNSwfTwv4XNw1cykxOg9yEacZ8piNQ0aZJJiQoj3SF5ozlANLKNPC/pOwB6op Q9tx2Tbozfe1SFqn9Yu6d2ObvIQxSnAIR3ACHpxBA66hCS1gkMIrvMG78+F8Ot/Oz3h0y Zns7MMMnN8/iTirCw==</latexit><latexit sha1_base64="E46+EgU+gylt7 zPcV+3HcD2k7A8=">AAACL3icbVC7TgJBFJ3FF66KIHY2EwnRiuza+GpIbCwxESEBQmaH WZgws7uZuWskG0p/wVa/wa/Rxtj6BbbOAgUPTzLJyTn35p45XiS4Bsf5tDJr6xubW9lte 2d3L7efLxw86DBWlNVpKELV9IhmggesDhwEa0aKEekJ1vCGN6nfeGRK8zC4h1HEOpL0A +5zSsBIbegmbSVxaEbG3XzJqTgT4FXizkipmn8+vP49Kda6BSvX7oU0liwAKojWLdeJoJ MQBZwKNrbbsWYRoUPSZy1DAyKZ7iST0GNcNkoP+6EyLwA8Uec3EiK1HknPTEoCA73speK /Xqoo7euF+4knx3Z5XoCn9K5eSgn+RSfhQRQDC+g0pB8LDCFO28M9rhgFMTKEUMXNPzEd EEUomI5t06C73NcqqZ9VLivunWnyCk2RRUfoGJ0iF52jKrpFNVRHFEXoBb2iN+vd+rC+r O/paMaa7RTRAqyfP2FIrDc=</latexit><latexit sha1_base64="E46+EgU+gylt7 zPcV+3HcD2k7A8=">AAACL3icbVC7TgJBFJ3FF66KIHY2EwnRiuza+GpIbCwxESEBQmaH WZgws7uZuWskG0p/wVa/wa/Rxtj6BbbOAgUPTzLJyTn35p45XiS4Bsf5tDJr6xubW9lte 2d3L7efLxw86DBWlNVpKELV9IhmggesDhwEa0aKEekJ1vCGN6nfeGRK8zC4h1HEOpL0A +5zSsBIbegmbSVxaEbG3XzJqTgT4FXizkipmn8+vP49Kda6BSvX7oU0liwAKojWLdeJoJ MQBZwKNrbbsWYRoUPSZy1DAyKZ7iST0GNcNkoP+6EyLwA8Uec3EiK1HknPTEoCA73speK /Xqoo7euF+4knx3Z5XoCn9K5eSgn+RSfhQRQDC+g0pB8LDCFO28M9rhgFMTKEUMXNPzEd EEUomI5t06C73NcqqZ9VLivunWnyCk2RRUfoGJ0iF52jKrpFNVRHFEXoBb2iN+vd+rC+r O/paMaa7RTRAqyfP2FIrDc=</latexit><latexit sha1_base64="E46+EgU+gylt7 zPcV+3HcD2k7A8=">AAACL3icbVC7TgJBFJ3FF66KIHY2EwnRiuza+GpIbCwxESEBQmaH WZgws7uZuWskG0p/wVa/wa/Rxtj6BbbOAgUPTzLJyTn35p45XiS4Bsf5tDJr6xubW9lte 2d3L7efLxw86DBWlNVpKELV9IhmggesDhwEa0aKEekJ1vCGN6nfeGRK8zC4h1HEOpL0A +5zSsBIbegmbSVxaEbG3XzJqTgT4FXizkipmn8+vP49Kda6BSvX7oU0liwAKojWLdeJoJ MQBZwKNrbbsWYRoUPSZy1DAyKZ7iST0GNcNkoP+6EyLwA8Uec3EiK1HknPTEoCA73speK /Xqoo7euF+4knx3Z5XoCn9K5eSgn+RSfhQRQDC+g0pB8LDCFO28M9rhgFMTKEUMXNPzEd EEUomI5t06C73NcqqZ9VLivunWnyCk2RRUfoGJ0iF52jKrpFNVRHFEXoBb2iN+vd+rC+r O/paMaa7RTRAqyfP2FIrDc=</latexit><latexit sha1_base64="rNnqHKwYA1upj 4xlD1d7Oo41rt4=">AAACL3icbVDLSsNAFJ3UV41aW126GSwFVyVx42NVcOOygrWFJpTJ dNIOnUnCzI1YQn7DrX6DX6MbcetfOGm76MMDA4dz7uWeOUEiuAbH+bJKW9s7u3vlffvg8 KhyXK2dPOk4VZR1aCxi1QuIZoJHrAMcBOslihEZCNYNJneF331mSvM4eoRpwnxJRhEPO SVgJA8Gmackjs1IPqjWnaYzA94k7oLU0QLtQc2qeMOYppJFQAXRuu86CfgZUcCpYLntpZ olhE7IiPUNjYhk2s9moXPcMMoQh7EyLwI8U5c3MiK1nsrATEoCY73uFeK/XqEoHeqV+1k gc7uxLMBLcVevpYTw2s94lKTAIjoPGaYCQ4yL9vCQK0ZBTA0hVHHzT0zHRBEKpmPbNOiu 97VJOpfNm6b74NRbt4sqy+gMnaML5KIr1EL3qI06iKIEvaI39G59WJ/Wt/UzHy1Zi51Tt ALr9w+yGKni</latexit>
tup
<latexit sha1_base64="qhn/bUkKAaj8f5Tasegomdxfl/M=">AAACLXicbVDLSgMxF L3j2/qquhQkWARXZcaNj1XBjUsFa4ttKZk00waTzJDcEcvQv3CrX+DCT/ArBEEEV/6GmdZFWz0QOJxzL/fkhIkUFn3/3ZuZnZtfWFxaLqysrq1vFDe3rm2cGsarLJaxqYfUcik0r6J AyeuJ4VSFktfC27Pcr91xY0Wsr7Cf8JaiXS0iwSg66QbbWdMokiaDdrHkl/0hyF8S/JJSZff56xUALtqb3nqzE7NUcY1MUmsbgZ9gK6MGBZN8UGimlieU3dIubziqqeK2lQ0jD8i+U zokio17GslQHd/IqLK2r0I3qSj27LSXi/96uWJsZCfuZ6EaFPbHBbzP79qplBgdtzKhkxS5ZqOQUSoJxiTvjnSE4Qxl3xHKjHD/JKxHDWXoGi64BoPpvv6S6mH5pBxcuiZPYYQl2I E9OIAAjqAC53ABVWCg4QEe4cl78d68D+9zNDrj/e5swwS87x8gvKui</latexit><latexit sha1_base64="dRjh4zfsWwPG7K8CtwdGY7JAziw=">AAACLXicbVDLSgMxF M34rOOr1aUgQRFclRk3PlYFNy4rOFq0pWTSTBtMMkNyRyzDbPwGt/oFLvwJf0EQRHDlb5hpu2irBwKHc+7lnpwwEdyA5304M7Nz8wuLpSV3eWV1bb1c2bg0caopC2gsYt0IiWGCKxY AB8EaiWZEhoJdhbenhX91x7ThsbqAfsJaknQVjzglYKVraGdNLXGa5O3yrlf1BsB/iT8iu7Xtl++3h+C13q44a81OTFPJFFBBjLnxvQRaGdHAqWC520wNSwi9JV12Y6kikplWNoic4 z2rdHAUa/sU4IE6vpERaUxfhnZSEuiZaa8Q//UKRZvITNzPQpm7e+MC3Bd3zVRKiI5aGVdJCkzRYcgoFRhiXHSHO1wzCqJvCaGa239i2iOaULANu7ZBf7qvvyQ4qB5X/XPb5Akaoo S20A7aRz46RDV0huooQBQp9Iie0LPz6rw7n87XcHTGGe1sogk4P7+Ojq0u</latexit><latexit sha1_base64="dRjh4zfsWwPG7K8CtwdGY7JAziw=">AAACLXicbVDLSgMxF M34rOOr1aUgQRFclRk3PlYFNy4rOFq0pWTSTBtMMkNyRyzDbPwGt/oFLvwJf0EQRHDlb5hpu2irBwKHc+7lnpwwEdyA5304M7Nz8wuLpSV3eWV1bb1c2bg0caopC2gsYt0IiWGCKxY AB8EaiWZEhoJdhbenhX91x7ThsbqAfsJaknQVjzglYKVraGdNLXGa5O3yrlf1BsB/iT8iu7Xtl++3h+C13q44a81OTFPJFFBBjLnxvQRaGdHAqWC520wNSwi9JV12Y6kikplWNoic4 z2rdHAUa/sU4IE6vpERaUxfhnZSEuiZaa8Q//UKRZvITNzPQpm7e+MC3Bd3zVRKiI5aGVdJCkzRYcgoFRhiXHSHO1wzCqJvCaGa239i2iOaULANu7ZBf7qvvyQ4qB5X/XPb5Akaoo S20A7aRz46RDV0huooQBQp9Iie0LPz6rw7n87XcHTGGe1sogk4P7+Ojq0u</latexit><latexit sha1_base64="dRjh4zfsWwPG7K8CtwdGY7JAziw=">AAACLXicbVDLSgMxF M34rOOr1aUgQRFclRk3PlYFNy4rOFq0pWTSTBtMMkNyRyzDbPwGt/oFLvwJf0EQRHDlb5hpu2irBwKHc+7lnpwwEdyA5304M7Nz8wuLpSV3eWV1bb1c2bg0caopC2gsYt0IiWGCKxY AB8EaiWZEhoJdhbenhX91x7ThsbqAfsJaknQVjzglYKVraGdNLXGa5O3yrlf1BsB/iT8iu7Xtl++3h+C13q44a81OTFPJFFBBjLnxvQRaGdHAqWC520wNSwi9JV12Y6kikplWNoic4 z2rdHAUa/sU4IE6vpERaUxfhnZSEuiZaa8Q//UKRZvITNzPQpm7e+MC3Bd3zVRKiI5aGVdJCkzRYcgoFRhiXHSHO1wzCqJvCaGa239i2iOaULANu7ZBf7qvvyQ4qB5X/XPb5Akaoo S20A7aRz46RDV0huooQBQp9Iie0LPz6rw7n87XcHTGGe1sogk4P7+Ojq0u</latexit><latexit sha1_base64="TTfUDU8M2tDXHxWegocSH1GkptA=">AAACLXicbVDLSgMxF M3UV62vVpdugqXgqsy48bEquHFZwdpiO5RMmmlDk8yQ3BHLMH/hVr/BrxEEcetvmGm76MMDgcM593JPThALbsB1v5zCxubW9k5xt7S3f3B4VK4cP5oo0ZS1aCQi3QmIYYIr1gIOgnV izYgMBGsH49vcbz8zbXikHmASM1+SoeIhpwSs9AT9tKclTuKsX666dXcKvE68OamiOZr9inPYG0Q0kUwBFcSYrufG4KdEA6eCZaVeYlhM6JgMWddSRSQzfjqNnOGaVQY4jLR9CvBUX dxIiTRmIgM7KQmMzKqXi/96uaJNaJbup4HMSrVFAV7yu2YlJYRXfspVnABTdBYyTASGCOfd4QHXjIKYWEKo5vafmI6IJhRswyXboLfa1zppXdSv6969W23czKssolN0hs6Rhy5RA9 2hJmohihR6RW/o3flwPp1v52c2WnDmOydoCc7vH+cCqPc=</latexit>
tover
<latexit sha1_base64="4xtMUxIgAuq7u0DIc4yW1nlFbHw=">AAACL3icbVDLSsNAF L3xWeurVXduBovgqiRufKwKblxWsLbQhDKZTnRwJgkzN2IJXfoLbvUb/BrdiFv/wknbRR8eGDiccy/3zAlTKQy67peztLyyurZe2ihvbm3v7Faqe3cmyTTjLZbIRHdCargUMW+hQMk 7qeZUhZK3w8erwm8/cW1EEt/iIOWBovexiASjaCUfe7mvFUnsyLBXqbl1dwSySLwJqTUqLwcNAGj2qs6O309YpniMTFJjup6bYpBTjYJJPiz7meEpZY/0nnctjaniJshHoYfk2Cp9E iXavhjJSJ3eyKkyZqBCO6koPph5rxD/9QpFm8jM3M9DNSwfTwv4XNw1cykxOg9yEacZ8piNQ0aZJJiQoj3SF5ozlANLKNPC/pOwB6opQ9tx2Tbozfe1SFqn9Yu6d2ObvIQxSnAIR3 ACHpxBA66hCS1gkMIrvMG78+F8Ot/Oz3h0yZns7MMMnN8/iTirCw==</latexit><latexit sha1_base64="E46+EgU+gylt7zPcV+3HcD2k7A8=">AAACL3icbVC7TgJBF J3FF66KIHY2EwnRiuza+GpIbCwxESEBQmaHWZgws7uZuWskG0p/wVa/wa/Rxtj6BbbOAgUPTzLJyTn35p45XiS4Bsf5tDJr6xubW9lte2d3L7efLxw86DBWlNVpKELV9IhmggesDhw Ea0aKEekJ1vCGN6nfeGRK8zC4h1HEOpL0A+5zSsBIbegmbSVxaEbG3XzJqTgT4FXizkipmn8+vP49Kda6BSvX7oU0liwAKojWLdeJoJMQBZwKNrbbsWYRoUPSZy1DAyKZ7iST0GNcN koP+6EyLwA8Uec3EiK1HknPTEoCA73speK/Xqoo7euF+4knx3Z5XoCn9K5eSgn+RSfhQRQDC+g0pB8LDCFO28M9rhgFMTKEUMXNPzEdEEUomI5t06C73NcqqZ9VLivunWnyCk2RRU foGJ0iF52jKrpFNVRHFEXoBb2iN+vd+rC+rO/paMaa7RTRAqyfP2FIrDc=</latexit><latexit sha1_base64="E46+EgU+gylt7zPcV+3HcD2k7A8=">AAACL3icbVC7TgJBF J3FF66KIHY2EwnRiuza+GpIbCwxESEBQmaHWZgws7uZuWskG0p/wVa/wa/Rxtj6BbbOAgUPTzLJyTn35p45XiS4Bsf5tDJr6xubW9lte2d3L7efLxw86DBWlNVpKELV9IhmggesDhw Ea0aKEekJ1vCGN6nfeGRK8zC4h1HEOpL0A+5zSsBIbegmbSVxaEbG3XzJqTgT4FXizkipmn8+vP49Kda6BSvX7oU0liwAKojWLdeJoJMQBZwKNrbbsWYRoUPSZy1DAyKZ7iST0GNcN koP+6EyLwA8Uec3EiK1HknPTEoCA73speK/Xqoo7euF+4knx3Z5XoCn9K5eSgn+RSfhQRQDC+g0pB8LDCFO28M9rhgFMTKEUMXNPzEdEEUomI5t06C73NcqqZ9VLivunWnyCk2RRU foGJ0iF52jKrpFNVRHFEXoBb2iN+vd+rC+rO/paMaa7RTRAqyfP2FIrDc=</latexit><latexit sha1_base64="E46+EgU+gylt7zPcV+3HcD2k7A8=">AAACL3icbVC7TgJBF J3FF66KIHY2EwnRiuza+GpIbCwxESEBQmaHWZgws7uZuWskG0p/wVa/wa/Rxtj6BbbOAgUPTzLJyTn35p45XiS4Bsf5tDJr6xubW9lte2d3L7efLxw86DBWlNVpKELV9IhmggesDhw Ea0aKEekJ1vCGN6nfeGRK8zC4h1HEOpL0A+5zSsBIbegmbSVxaEbG3XzJqTgT4FXizkipmn8+vP49Kda6BSvX7oU0liwAKojWLdeJoJMQBZwKNrbbsWYRoUPSZy1DAyKZ7iST0GNcN koP+6EyLwA8Uec3EiK1HknPTEoCA73speK/Xqoo7euF+4knx3Z5XoCn9K5eSgn+RSfhQRQDC+g0pB8LDCFO28M9rhgFMTKEUMXNPzEdEEUomI5t06C73NcqqZ9VLivunWnyCk2RRU foGJ0iF52jKrpFNVRHFEXoBb2iN+vd+rC+rO/paMaa7RTRAqyfP2FIrDc=</latexit><latexit sha1_base64="rNnqHKwYA1upj4xlD1d7Oo41rt4=">AAACL3icbVDLSsNAF J3UV41aW126GSwFVyVx42NVcOOygrWFJpTJdNIOnUnCzI1YQn7DrX6DX6MbcetfOGm76MMDA4dz7uWeOUEiuAbH+bJKW9s7u3vlffvg8KhyXK2dPOk4VZR1aCxi1QuIZoJHrAMcBOs lihEZCNYNJneF331mSvM4eoRpwnxJRhEPOSVgJA8Gmackjs1IPqjWnaYzA94k7oLU0QLtQc2qeMOYppJFQAXRuu86CfgZUcCpYLntpZolhE7IiPUNjYhk2s9moXPcMMoQh7EyLwI8U 5c3MiK1nsrATEoCY73uFeK/XqEoHeqV+1kgc7uxLMBLcVevpYTw2s94lKTAIjoPGaYCQ4yL9vCQK0ZBTA0hVHHzT0zHRBEKpmPbNOiu97VJOpfNm6b74NRbt4sqy+gMnaML5KIr1E L3qI06iKIEvaI39G59WJ/Wt/UzHy1Zi51TtALr9w+yGKni</latexit>
tdown
<latexit sha1_base64="jaePUn7SpOIo6qJkeIl1e//tBTU=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeg F48RzAOyS5idnSRD5rHM9CphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62tb2xulbcrO7t7+wfVw6O21ZmhrEW10KYbE8sEV6wFHATrpoYRGQvWice3M7/zyIzlWj3AJGWRJEPFB5wScFII/Tw0Eif6SU371Zpf9+fAqyQoSA0VaPar X2GiaSaZAiqItb3ATyHKiQFOBZtWwsyylNAxGbKeo4pIZqN8fvMUnzklwQNtXCnAc/X3RE6ktRMZu05JYGSXvZn4n9fLYHAd5VylGTBFF4sGmcCg8SwAnHDDKIiJI4Qa7m7FdEQMoeBiqrgQguWXV0n7oh749eD+sta4KeIooxN0is5RgK5QA92h JmohilL0jF7Rm5d5L96797FoLXnFzDH6A+/zB0H8kdA=</latexit><latexit sha1_base64="jaePUn7SpOIo6qJkeIl1e//tBTU=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeg F48RzAOyS5idnSRD5rHM9CphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62tb2xulbcrO7t7+wfVw6O21ZmhrEW10KYbE8sEV6wFHATrpoYRGQvWice3M7/zyIzlWj3AJGWRJEPFB5wScFII/Tw0Eif6SU371Zpf9+fAqyQoSA0VaPar X2GiaSaZAiqItb3ATyHKiQFOBZtWwsyylNAxGbKeo4pIZqN8fvMUnzklwQNtXCnAc/X3RE6ktRMZu05JYGSXvZn4n9fLYHAd5VylGTBFF4sGmcCg8SwAnHDDKIiJI4Qa7m7FdEQMoeBiqrgQguWXV0n7oh749eD+sta4KeIooxN0is5RgK5QA92h JmohilL0jF7Rm5d5L96797FoLXnFzDH6A+/zB0H8kdA=</latexit><latexit sha1_base64="jaePUn7SpOIo6qJkeIl1e//tBTU=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeg F48RzAOyS5idnSRD5rHM9CphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62tb2xulbcrO7t7+wfVw6O21ZmhrEW10KYbE8sEV6wFHATrpoYRGQvWice3M7/zyIzlWj3AJGWRJEPFB5wScFII/Tw0Eif6SU371Zpf9+fAqyQoSA0VaPar X2GiaSaZAiqItb3ATyHKiQFOBZtWwsyylNAxGbKeo4pIZqN8fvMUnzklwQNtXCnAc/X3RE6ktRMZu05JYGSXvZn4n9fLYHAd5VylGTBFF4sGmcCg8SwAnHDDKIiJI4Qa7m7FdEQMoeBiqrgQguWXV0n7oh749eD+sta4KeIooxN0is5RgK5QA92h JmohilL0jF7Rm5d5L96797FoLXnFzDH6A+/zB0H8kdA=</latexit><latexit sha1_base64="jaePUn7SpOIo6qJkeIl1e//tBTU=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeg F48RzAOyS5idnSRD5rHM9CphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62tb2xulbcrO7t7+wfVw6O21ZmhrEW10KYbE8sEV6wFHATrpoYRGQvWice3M7/zyIzlWj3AJGWRJEPFB5wScFII/Tw0Eif6SU371Zpf9+fAqyQoSA0VaPar X2GiaSaZAiqItb3ATyHKiQFOBZtWwsyylNAxGbKeo4pIZqN8fvMUnzklwQNtXCnAc/X3RE6ktRMZu05JYGSXvZn4n9fLYHAd5VylGTBFF4sGmcCg8SwAnHDDKIiJI4Qa7m7FdEQMoeBiqrgQguWXV0n7oh749eD+sta4KeIooxN0is5RgK5QA92h JmohilL0jF7Rm5d5L96797FoLXnFzDH6A+/zB0H8kdA=</latexit>
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<latexit sha1_base64="xW+iN5svPgOoxMCHovIqS/OIJLI=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSxCeymJCHosevFYwX5AE8pmu2mX7iZhdyMtof4ULx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3B4ZB+X2ypOJaEtEvNYdgOsKGcRbWmmOe0mkmIRcNoJxrdzv/NIpWJx9KCnCfUFHkYsZARrI/Xt8qSqa09VT6SZJwUSM1Tr2xWn7iyA1ombkwrkaPbtL28Qk1TQSBOOleq5TqL9DEvNCKezkpcqmmAyxkPaMzTCgio/W9w+Q+dGGaAwlqYijRbq74kMC6WmIjCdAuuRWvXm4n9eL9XhtZ+xKEk1jchyUZhypGM0DwINmKRE86khmEhmbkVkhCUm2sRVMiG4qy+vk/ZF3XXq7v1lpXGTx1GEUziDKrhwBQ24gya0gMAEnuEV3qyZ9WK9Wx/L1oKVz5zAH1ifP6sgk4k=</latexit><latexit sha1_base64="xW+iN5svPgOoxMCHovIqS/OIJLI=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSxCeymJCHosevFYwX5AE8pmu2mX7iZhdyMtof4ULx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3B4ZB+X2ypOJaEtEvNYdgOsKGcRbWmmOe0mkmIRcNoJxrdzv/NIpWJx9KCnCfUFHkYsZARrI/Xt8qSqa09VT6SZJwUSM1Tr2xWn7iyA1ombkwrkaPbtL28Qk1TQSBOOleq5TqL9DEvNCKezkpcqmmAyxkPaMzTCgio/W9w+Q+dGGaAwlqYijRbq74kMC6WmIjCdAuuRWvXm4n9eL9XhtZ+xKEk1jchyUZhypGM0DwINmKRE86khmEhmbkVkhCUm2sRVMiG4qy+vk/ZF3XXq7v1lpXGTx1GEUziDKrhwBQ24gya0gMAEnuEV3qyZ9WK9Wx/L1oKVz5zAH1ifP6sgk4k=</latexit><latexit sha1_base64="xW+iN5svPgOoxMCHovIqS/OIJLI=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSxCeymJCHosevFYwX5AE8pmu2mX7iZhdyMtof4ULx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3B4ZB+X2ypOJaEtEvNYdgOsKGcRbWmmOe0mkmIRcNoJxrdzv/NIpWJx9KCnCfUFHkYsZARrI/Xt8qSqa09VT6SZJwUSM1Tr2xWn7iyA1ombkwrkaPbtL28Qk1TQSBOOleq5TqL9DEvNCKezkpcqmmAyxkPaMzTCgio/W9w+Q+dGGaAwlqYijRbq74kMC6WmIjCdAuuRWvXm4n9eL9XhtZ+xKEk1jchyUZhypGM0DwINmKRE86khmEhmbkVkhCUm2sRVMiG4qy+vk/ZF3XXq7v1lpXGTx1GEUziDKrhwBQ24gya0gMAEnuEV3qyZ9WK9Wx/L1oKVz5zAH1ifP6sgk4k=</latexit><latexit sha1_base64="xW+iN5svPgOoxMCHovIqS/OIJLI=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSxCeymJCHosevFYwX5AE8pmu2mX7iZhdyMtof4ULx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3B4ZB+X2ypOJaEtEvNYdgOsKGcRbWmmOe0mkmIRcNoJxrdzv/NIpWJx9KCnCfUFHkYsZARrI/Xt8qSqa09VT6SZJwUSM1Tr2xWn7iyA1ombkwrkaPbtL28Qk1TQSBOOleq5TqL9DEvNCKezkpcqmmAyxkPaMzTCgio/W9w+Q+dGGaAwlqYijRbq74kMC6WmIjCdAuuRWvXm4n9eL9XhtZ+xKEk1jchyUZhypGM0DwINmKRE86khmEhmbkVkhCUm2sRVMiG4qy+vk/ZF3XXq7v1lpXGTx1GEUziDKrhwBQ24gya0gMAEnuEV3qyZ9WK9Wx/L1oKVz5zAH1ifP6sgk4k=</latexit>
(a)
<latexit sha1_base64="dEI/CTAfLKJzQzkAwlqo594vaFM=">AA AB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW1 9Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXGVnE/75YpX8+bAq8 TPSQVyNPrlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gikpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9roO si4SlLLFF0silKBbYxn3+MB14xaMXGEUM3drZiOiCbUuoxKLgR/+eVV0rqo+V7Nv7+s1G/yOIpwAqdQBR+uoA530IAmUJDwDK/whjR6Qe/ oY9FaQPnMMfwB+vwB+JyP2Q==</latexit><latexit sha1_base64="dEI/CTAfLKJzQzkAwlqo594vaFM=">AA AB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW1 9Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXGVnE/75YpX8+bAq8 TPSQVyNPrlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gikpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9roO si4SlLLFF0silKBbYxn3+MB14xaMXGEUM3drZiOiCbUuoxKLgR/+eVV0rqo+V7Nv7+s1G/yOIpwAqdQBR+uoA530IAmUJDwDK/whjR6Qe/ oY9FaQPnMMfwB+vwB+JyP2Q==</latexit><latexit sha1_base64="dEI/CTAfLKJzQzkAwlqo594vaFM=">AA AB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW1 9Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXGVnE/75YpX8+bAq8 TPSQVyNPrlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gikpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9roO si4SlLLFF0silKBbYxn3+MB14xaMXGEUM3drZiOiCbUuoxKLgR/+eVV0rqo+V7Nv7+s1G/yOIpwAqdQBR+uoA530IAmUJDwDK/whjR6Qe/ oY9FaQPnMMfwB+vwB+JyP2Q==</latexit><latexit sha1_base64="dEI/CTAfLKJzQzkAwlqo594vaFM=">AA AB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW1 9Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXGVnE/75YpX8+bAq8 TPSQVyNPrlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gikpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9roO si4SlLLFF0silKBbYxn3+MB14xaMXGEUM3drZiOiCbUuoxKLgR/+eVV0rqo+V7Nv7+s1G/yOIpwAqdQBR+uoA530IAmUJDwDK/whjR6Qe/ oY9FaQPnMMfwB+vwB+JyP2Q==</latexit>
(b)
<latexit sha1_base64="yx/zKDdHv2m2FDFkDITv5J9a9A4=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zba hSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXE1PJ/2yxWv5s2BV4mfkwrkaPTLX71BTFPJlKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FF JDNBNj94is+cMsBRrF0pi+fq74mMSGMmMnSdktiRWfZm4n9eN7XRdZBxlaSWKbpYFKUC2xjPvscDrhm1YuIIoZq7WzEdEU2odRmVXAj+8surpHVR872af39Zqd/kcRThBE6hCj5cQR3uoAFNoCDhGV7hDWn0gt7Rx6K1gPKZY/gD9PkD+iKP2g==</latexit><latexit sha1_base64="yx/zKDdHv2m2FDFkDITv5J9a9A4=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zba hSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXE1PJ/2yxWv5s2BV4mfkwrkaPTLX71BTFPJlKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FF JDNBNj94is+cMsBRrF0pi+fq74mMSGMmMnSdktiRWfZm4n9eN7XRdZBxlaSWKbpYFKUC2xjPvscDrhm1YuIIoZq7WzEdEU2odRmVXAj+8surpHVR872af39Zqd/kcRThBE6hCj5cQR3uoAFNoCDhGV7hDWn0gt7Rx6K1gPKZY/gD9PkD+iKP2g==</latexit><latexit sha1_base64="yx/zKDdHv2m2FDFkDITv5J9a9A4=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zba hSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXE1PJ/2yxWv5s2BV4mfkwrkaPTLX71BTFPJlKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FF JDNBNj94is+cMsBRrF0pi+fq74mMSGMmMnSdktiRWfZm4n9eN7XRdZBxlaSWKbpYFKUC2xjPvscDrhm1YuIIoZq7WzEdEU2odRmVXAj+8surpHVR872af39Zqd/kcRThBE6hCj5cQR3uoAFNoCDhGV7hDWn0gt7Rx6K1gPKZY/gD9PkD+iKP2g==</latexit><latexit sha1_base64="yx/zKDdHv2m2FDFkDITv5J9a9A4=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zba hSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXE1PJ/2yxWv5s2BV4mfkwrkaPTLX71BTFPJlKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FF JDNBNj94is+cMsBRrF0pi+fq74mMSGMmMnSdktiRWfZm4n9eN7XRdZBxlaSWKbpYFKUC2xjPvscDrhm1YuIIoZq7WzEdEU2odRmVXAj+8surpHVR872af39Zqd/kcRThBE6hCj5cQR3uoAFNoCDhGV7hDWn0gt7Rx6K1gPKZY/gD9PkD+iKP2g==</latexit>
(c)
<latexit sha1_base64="2HAyGiK+Bgjsh3bH7/Zs9atgrm0=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zba hSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXGVnk/75YpX8+bAq8TPSQVyNPrlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gi kpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9roOsi4SlLLFF0silKBbYxn3+MB14xaMXGEUM3drZiOiCbUuoxKLgR/+eVV0rqo+V7Nv7+s1G/yOIpwAqdQBR+uoA530IAmUJDwDK/whjR6Qe/oY9FaQPnMMfwB+vwB+6iP2w==</latexit><latexit sha1_base64="2HAyGiK+Bgjsh3bH7/Zs9atgrm0=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zba hSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXGVnk/75YpX8+bAq8TPSQVyNPrlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gi kpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9roOsi4SlLLFF0silKBbYxn3+MB14xaMXGEUM3drZiOiCbUuoxKLgR/+eVV0rqo+V7Nv7+s1G/yOIpwAqdQBR+uoA530IAmUJDwDK/whjR6Qe/oY9FaQPnMMfwB+vwB+6iP2w==</latexit><latexit sha1_base64="2HAyGiK+Bgjsh3bH7/Zs9atgrm0=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zba hSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXGVnk/75YpX8+bAq8TPSQVyNPrlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gi kpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9roOsi4SlLLFF0silKBbYxn3+MB14xaMXGEUM3drZiOiCbUuoxKLgR/+eVV0rqo+V7Nv7+s1G/yOIpwAqdQBR+uoA530IAmUJDwDK/whjR6Qe/oY9FaQPnMMfwB+vwB+6iP2w==</latexit><latexit sha1_base64="2HAyGiK+Bgjsh3bH7/Zs9atgrm0=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+kXUo2zba hSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfqwU4SFkgyVDzilFgnPWY9LXGVnk/75YpX8+bAq8TPSQVyNPrlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gi kpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9roOsi4SlLLFF0silKBbYxn3+MB14xaMXGEUM3drZiOiCbUuoxKLgR/+eVV0rqo+V7Nv7+s1G/yOIpwAqdQBR+uoA530IAmUJDwDK/whjR6Qe/oY9FaQPnMMfwB+vwB+6iP2w==</latexit>
1
 
F
<latexit sha1_base64="WR+/fv8Y7in2FF9Asr//SZEMx1E=">AAACMHicbVDLTsJAFL0FH1gVQZduJhISF0paNz5WJCbGJSZWSGhDpsMUJkwfzkyNpOE73Oo3+DWsjFu/wimwQPAkk5ycc2/umeMnnEllWVOjUNzY3Nou7Zi7e/vlg0r18EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Sb++0XKiSLo0c1TqgX4kHEAkaw0pJnn7shVkOCeXY36VVqVsOaAa0Te0FqzeKZiwCg1asaZbcfkzSkkSIcS9m1rUR5GRaKEU4npptKmmAywgPa1TTCIZVeNks9QXWt9FEQC/0ihWbq8kaGQynHoa8n84xy1cvFf71cETKQf+5nfjgx68uCes3vypWUKrjyMhYlqaIRmYcMUo5UjPL6UJ8JShQfa4KJYPqfiAyxwETpkk3doL3a1zpxLhrXDftBN3kDc5TgGE7gFGy4hCbcQwscIPAMb/AOH8anMTW+jO/5aMFY7BzBHxg/vy+5qsc=</latexit><latexit sha1_base64="JNGJ/dBFG8wIKCP3Ihx0cVkHf08=">AAACMHicbVDNSsNAGNxYrTXa2tqjl8VS8KAl8eLPqSCIxwrGFppQNttNu3Q3ibsbsYQ+h1d9Bp+mJ/HqOwhu2h7648DCMPN9fLPjx4xKZVlTYyu3vZPfLeyZ+wfF0mG5cvQko0Rg4uCIRaLjI0kYDYmjqGKkEwuCuM9I2x/dZn77hQhJo/BRjWPicTQIaUAxUlry7HOXIzXEiKV3k165ZjWsGeAmsRek1sydudXfYr7Vqxgltx/hhJNQYYak7NpWrLwUCUUxIxPTTSSJER6hAelqGiJOpJfOUk9gXSt9GERCv1DBmbq8kSIu5Zj7ejLLKNe9TPzXyxQhA7lyP/X5xKwvC+o1uyvXUqrgyktpGCeKhHgeMkgYVBHM6oN9KghWbKwJwoLqf0I8RAJhpUs2dYP2el+bxLloXDfsB93kDZijAI7BCTgFNrgETXAPWsABGDyDN/AOPoxPY2p8Gd/z0S1jsVMFKzB+/gDHW6vK</latexit><latexit sha1_base64="JNGJ/dBFG8wIKCP3Ihx0cVkHf08=">AAACMHicbVDNSsNAGNxYrTXa2tqjl8VS8KAl8eLPqSCIxwrGFppQNttNu3Q3ibsbsYQ+h1d9Bp+mJ/HqOwhu2h7648DCMPN9fLPjx4xKZVlTYyu3vZPfLeyZ+wfF0mG5cvQko0Rg4uCIRaLjI0kYDYmjqGKkEwuCuM9I2x/dZn77hQhJo/BRjWPicTQIaUAxUlry7HOXIzXEiKV3k165ZjWsGeAmsRek1sydudXfYr7Vqxgltx/hhJNQYYak7NpWrLwUCUUxIxPTTSSJER6hAelqGiJOpJfOUk9gXSt9GERCv1DBmbq8kSIu5Zj7ejLLKNe9TPzXyxQhA7lyP/X5xKwvC+o1uyvXUqrgyktpGCeKhHgeMkgYVBHM6oN9KghWbKwJwoLqf0I8RAJhpUs2dYP2el+bxLloXDfsB93kDZijAI7BCTgFNrgETXAPWsABGDyDN/AOPoxPY2p8Gd/z0S1jsVMFKzB+/gDHW6vK</latexit><latexit sha1_base64="JNGJ/dBFG8wIKCP3Ihx0cVkHf08=">AAACMHicbVDNSsNAGNxYrTXa2tqjl8VS8KAl8eLPqSCIxwrGFppQNttNu3Q3ibsbsYQ+h1d9Bp+mJ/HqOwhu2h7648DCMPN9fLPjx4xKZVlTYyu3vZPfLeyZ+wfF0mG5cvQko0Rg4uCIRaLjI0kYDYmjqGKkEwuCuM9I2x/dZn77hQhJo/BRjWPicTQIaUAxUlry7HOXIzXEiKV3k165ZjWsGeAmsRek1sydudXfYr7Vqxgltx/hhJNQYYak7NpWrLwUCUUxIxPTTSSJER6hAelqGiJOpJfOUk9gXSt9GERCv1DBmbq8kSIu5Zj7ejLLKNe9TPzXyxQhA7lyP/X5xKwvC+o1uyvXUqrgyktpGCeKhHgeMkgYVBHM6oN9KghWbKwJwoLqf0I8RAJhpUs2dYP2el+bxLloXDfsB93kDZijAI7BCTgFNrgETXAPWsABGDyDN/AOPoxPY2p8Gd/z0S1jsVMFKzB+/gDHW6vK</latexit><latexit sha1_base64="9XIgjc6ZR9wdeaEMBRFr2rwpg+o=">AAACMHicbVDNSgMxGMzWv7pqbfXoJVgKXiy7Xvw5FQTxWMG1hXYp2TTbhibZNcmKZdnn8KrP4NP0JF59CrPtHmrrQGCY+T6+yQQxo0o7zswqbWxube+Ud+29/YPKYbV29KSiRGLi4YhFshsgRRgVxNNUM9KNJUE8YKQTTG5zv/NCpKKReNTTmPgcjQQNKUbaSL573udIjzFi6V02qNadpjMHXCduQeqgQHtQsyr9YYQTToTGDCnVc51Y+ymSmmJGMrufKBIjPEEj0jNUIE6Un85TZ7BhlCEMI2me0HCuLm+kiCs15YGZzDOqVS8X//VyRapQ/bmfBjyzG8uCfs3vqpWUOrzyUyriRBOBFyHDhEEdwbw+OKSSYM2mhiAsqfknxGMkEdamZNs06K72tU68i+Z1031w6q2bosoyOAGn4Ay44BK0wD1oAw9g8AzewDv4sD6tmfVlfS9GS1axcwz+wPr5BbsCqdw=</latexit>
1
 
F
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FIG. 4. Ground state fidelity during transport for two-qubit gates. (a) Motional ground state infidelity after a ramp
up of the transport tweezer in time t to a final depth of Vg(t) = 1.5Vmagic. Purple dashed line (blue solid line) is computed
using the naive (locally adiabatic) protocol. (b) Motional ground state infidelity after the transport tweezer is swept over to
the the adjacent tweezer, assumed to be separated by 2 µm (locally adiabatic only). In the inset, one can see that, even at
very short times, high-fidelity diabatic transport is possible. At such short times the naive protocol (inset, purple dashed line)
yields essentially zero final ground-state population. (c) Intensity and position of the transport tweezer required to achieve a
locally adiabatic ramp. The profile shown gives rise to a final infidelity of order 10−3 in a time t ∼ 14µs. All plots are for
173Yb, with a magic wavelength of 465.4 nm and ωtw ' 2pi × 103 kHz.
1. Perturbative interactions
In this section we will assume that the interactions
can be treated perturbatively, which is justified as long
as both a±eg are small compared to the width of the non-
interacting ground-state wavefunctions for both |g〉 and
|e〉 atoms. This approximation is appropriate for 87Sr,
but may break down for 173Yb; effects of the breakdown
of perturbation theory on the exchange gate will be dis-
cussed in Section III B 2.
The process of adiabatically transferring two atoms
that are initially in different tweezers into the same
tweezer is rather slow if the potentials are state-
independent, ultimately being limited by energy scales
much smaller than the trap frequency (e.g., the tunnel-
ing energy between two nearby tweezers [20]). Here, in
addition to the background magic-wavelength potential,
we employ an additional far-off resonant, state-dependent
transport tweezer that only traps atoms in the |g〉 state,
with a time-dependent depth Vg(t) and central posi-
tion x(t) (measured relative to the center of the magic-
wavelength tweezer trapping the g-atom). For two neigh-
boring atoms, one in |g〉 and one in |e〉, a possible ap-
proach to merging their wavefunctions for the application
of a two-qubit gate is as follows (see Fig. 3b): (1) For a
time tramp the confinement of the |g〉 atom is increased
by adiabatically ramping up the transport tweezer depth
Vg(t). (2) The center of the confining potential for the
|g〉 atom is then shifted over (in a time tover) until it co-
incides with the center of the tweezer containing the |e〉
atom. (3) The additional potential Vg(t) is then adia-
batically turned off in a time tdown, leaving both atoms
trapped in the motional ground state of the same magic-
wavelength tweezer. This protocol does not require any
movement of the magic-wavelength tweezers; in this way,
it also avoids detrimental amplitude modulations of the
trapping potentials, which would arise when initially sep-
arated magic-wavelength tweezers (closely detuned from
one another) spatially overlap.
To prevent the premature initiation of spin-exchange
during the end of step (2) and step (3) (during which the
atomic wavefunctions are at least partially overlapped),
a spin-dependent light shift can be applied via an optical
switch (OS) beam (see Fig. 3c). Note that the OS beam
can be turned on and off extremely quickly compared to
the (still fast) typical exchange timescale tex = h/Vex,
and with precise timing. This feature is enabled by the
use of electronic (rather than vibrational [18, 20]) states
in the exchange process. In addition to enabling precise
control over the onset of exchange oscillations, the ap-
plication of an OS beam until the transport tweezer is
fully ramped down ensures that pointing fluctuations in
the tweezer beams generate only common-mode motional
noise, and will not affect the spin-exchange rate.
The transport dynamics is straightforward to simulate
because the atoms do not interact. The details of the
ramp can be optimized if desired, but here we simply
give two illustrative examples. In the first, which we
call “naive”, the transport-tweezer intensity is ramped
up and down linearly in steps (1) and (3), respectively,
and its center is moved at a constant velocity while main-
taining a fixed intensity in step (2). In the second, which
we call “locally adiabatic”, both Vg(t) and x(t) are ma-
nipulated during all three steps in such a way that dur-
ing steps (1) and (3) the central position of the |g〉 atom
potential is held fixed while the confining potential is
increased, and in step (2) the |g〉 atom confinement is
held fixed while the central position is moved. Moreover,
in each step the changes to the approximately harmonic
confining potential are made locally adiabatic in the sense
described in Ref. [17].
In Fig. 4 we show the ground-state infidelity 1 − F
achieved by initiating the g-atom in its motional ground
state, and then carrying out either step (1) [Fig. 4(a)] or
5step (2) [Fig. 4(b)], using both the naive (purple dashed
line) and locally adiabatic (blue solid line) protocols.
[Step (3) is not shown, as it is simply the time reversed
process to step (1).] Here, F ≡ |〈Ψ0(t)|Ψ(t)〉|2, where
|Ψ0(t)〉 is the instantaneous motional ground state at
the end of the ramp and |Ψ(t)〉 is the wavefunction at
the end of the ramp computed exactly within the har-
monic approximation (see Appendix A for details of the
calculation). While the envelopes are similar for both
approaches, the locally-adiabatic approach shows much
more pronounced near-zeros of the infidelity. With this
approach, we find that the entire transport process can
in principle be carried out in a time t ∼ 3 · 2pi/ωtw with
an infidelity on the order of 10−3. However transporting
an atom in such a short time while keeping the error at
the 10−3 level requires a timing precision below 10 ns, as
one needs to exploit the first narrow minima of the trans-
port infidelity [see Fig. (4(b)]. In addition, transport on
this timescale will involve spatial excursions of the atom
relative to the beam center for which a harmonic ap-
proximation of the tweezer potential is not strictly valid
(see Appendix A for more detail). In order to counteract
possible residual heating into excited motional states of
the transport tweezer arising during the transfer proce-
dure, nuclear spin coherence-preserving sideband cooling
of |g〉-state atoms could be performed in addition [53].
After the transport process, both g and e atoms (ap-
proximately) occupy the non-interacting ground state of
the same magic-wavelength tweezer. Because the mo-
tional states are identical, any two-atom state can be la-
beled unambiguously by its internal state, which must
have the proper Fermi-antisymmetrization. The most
general wavefunction can therefore be written as
|ψ〉 = c1|g↓, e↓〉+ c2|g↑, e↓〉+ c3|g↓, e↑〉+ c4|g↑, e↑〉.
Here the ci denote the complex amplitudes of the four
two-qubit states |gσ, eσ′〉 (σ, σ′ = ↑, ↓), which in first
quantization are the explicitly antisymmetrized states
|gσ, eσ′〉 = (|gσ〉1|eσ′〉2 − |eσ′〉1|gσ〉2)/
√
2. The dynam-
ics of the above two-qubit state |ψ〉 is governed by the
Hamiltonian
Hˆeg =

U−eg + VOS(t) 0 0 0
0 Vd Vex 0
0 Vex Vd + VOS(t) 0
0 0 0 U−eg
 . (1)
Here, U±eg is the interaction energy for two atoms in the
triplet (+) or singlet (−) electronic state. VOS(t) =
V↓−V↑ is the differential spin-dependent light shift, while
Vd = (U
+
eg+U
−
eg)/2 and Vex = (U
+
eg−U−eg)/2 are the direct
and exchange interaction energies, respectively. Once
the spin-dependent light shift is switched to VOS = 0,
the two-qubit evolution associated with the Hamiltonian
(1) after a time ∆tgate can be decomposed into a stan-
dard
√
SWAP gate and a phase gate, and it can be
used to generate maximally entangled two-qubit states
between adjacent atoms. Entangled states between re-
mote atoms can readily be realized through entanglement
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FIG. 5. Infidelity of repeated two-qubit SWAP ex-
change gate for 87Sr. (a) Infidelity as a function of the
number of SWAP gates, interleaved by intervals of transport
2tover = 12µs plus evolution under light shifts of duration
2tdown = 6µs. The parameter values are: VOS/h = 300 kHz,
ωtw/2pi = 103 kHz and Vex/h = 6 kHz. The Raman, Rayleigh
and motional heating rate are Γ↑↓ = 1 s−1, Γel = 0.1 s−1,
η2Γ↑ = 6.3 s−1, respectively, with η being the Lamb-Dicke
parameter (see Appendix C for details). We assume the in-
fidelity of a single transport operation to equal 10−3 (see
Fig. 4). A single SWAP operation with OS on during 2tdown
introduces an error of 10−4. The horizontal dashed lines indi-
cate the infidelity thresholds of 1% and 10%. (b) Calculated
infidelity for 40 consecutive SWAP gates, as a function of
the OS beam differential light shift VOS. For the parameters
above, the optimal VOS/h is about 250 kHz.
swapping, performing sequential SWAP gates between
pairs of neighbouring atoms.
In order to estimate the gate fidelity the main sources
of errors need to be considered, namely: (i) imperfect
suppression of the spin-exchange oscillations by the op-
tical switch VOS, (ii) motional decoherence due to elas-
tic photon scattering events, and (iii) spin decoherence
caused by spontaneous scattering processes from the OS
beam.
(i) During the final transport stages (once
the atoms begin to overlap) the spin popula-
tion will undergo off-resonant exchange oscil-
lations with amplitude ∼ 4V 2ex/V 2OS, inducing
unitary errors in the spin exchange. Point-
ing fluctuations in the transport beam during
this time will cause fluctuations in Vex, lead-
ing to further irreversible degradation of the
gate fidelity. Note that the OS-induced rel-
6ative phase accumulation (during the ramp
down) between different states in the compu-
tational basis must be known modulo 2pi.
(ii) Motional heating will arise due to spon-
taneous photon scattering from the near-
resonant OS beam, and to a lesser extent from
the other far-off-resonant lasers. Assuming
ground-state cooled atoms (see Section IV),
the photon scattering rate of the OS beam
on the blue sideband is η2Γσ, where σ =↑, ↓
and η =
√
ωR/ωtw is the Lamb-Dicke param-
eter, with ωR the photon recoil frequency and
ωtw the harmonic oscillator frequency of the
magic-wavelength tweezer potential. A single
motional excitation significantly modifies the
exchange interaction energy and would there-
fore spoil the gate. However this error source
can in principle be suppressed by confining
the atoms in deeper tweezers, at the expenses
of a higher off-resonant scattering rate.
(iii) Scattering from the near resonant OS
beam can also lead directly to spin state deco-
herence. However the only photon scattering
events inducing decoherence are those that
carry away information about the two qubit
state [54]. These can be of two types (see Fig.
8 in Appendix B): Raman scattering events
with rate Γ↑↓, where a spin flip is involved,
and elastic Rayleigh events, which cause pure
dephasing at a rate Γel proportional to the
square of the difference between the two spin
state’s elastic scattering amplitudes [55].
All processes can be accounted for using a master equa-
tion
∂tρ = − i~ [H, ρ] + L(ρ), (2)
where ρ is the density matrix and L is a Lindbladian su-
peroperator (see Appendix C for details). The detrimen-
tal effect of motional excitations resulting from imperfect
ground-state cooling is separately treated in detail in Ap-
pendix D.
A trade off exists between these different errors for a
given trapping frequency ωtw: Those of type (i) can be
suppressed by increasing the OS laser power, at the ex-
pense of a larger motional heating rate (ii) and faster
direct spin decoherence (iii). By simulating the spin-
exchange gate dynamics with Eq. (2), it is possible to
determine the optimal OS beam parameters. The infi-
delity of a single SWAP operation due to these errors can
readily be suppressed below 10−3, and the gate degrada-
tion due to decoherence over repeated gates is largely
dominated by transport infidelities. As shown in Fig. 5,
assuming 10−3 transport infidelity, the total gate error is
predicted to reach about 10% after 45 gates.
So far our analysis has been limited only to coherent
exchange dynamics between |e ↓, g ↑〉 and |e ↑, g ↓〉. In
this case, the phase accrued because of direct interaction
Vd during the gate protocol, φd(t) ∼
∫ t
0
Vd(t
′)dt′, is an
irrelevant global phase. However, when two atoms in the
same spin state are merged into the same tweezer, they
experience an interaction energy U−eg(t) (with time depen-
dence during the transport procedure) purely from the
electronic-state singlet channel, and acquire a collisional
phase shift φs(t) ∼
∫ t
0
U−eg(t
′)dt′ [see Eq. (1)]. Therefore,
considering the full computational basis, the differential
phase φs − φd is relevant and is sensitive to the details
of the transport procedure, including intensity and beam
pointing fluctuations.
In this context, fractional shot-to-shot intensity fluc-
tuations δI/I =  will yield a gate infidelity of order .
A relative intensity noise  . 10−4 is typically achieved
for actively stabilized optical traps, and the associated
infidelity should therefore contribute less than other er-
ror sources discussed above. Additionally, beam pointing
fluctuations δxc will induce relative phase fluctuations
δφs,d/φs,d . δxc/atw, with xc being the tweezer cen-
ter and atw being the tweezer harmonic oscillator length.
For a vibrational gap of ωtw/2pi ' 100 kHz, a transport
tweezer pointing stability of ∼ 3 nm is required to stabi-
lize the differential phase φs−φd to a fractional accuracy
of 10−2.
2. Strong interactions
The above treatment assumed that interaction ener-
gies could be computed perturbatively using the non-
interacting ground state consisting of both e and g atom
in the motional ground state of the magic-wavelength
tweezer potential. More generally, the interaction en-
ergy for triplet and singlet electronic states in a magic
wavelength tweezer can be computed exactly in the pseu-
dopotential approximation (as long as very small anhar-
monic corrections to the trapping potential are ignored)
[56]. Assuming isotropic confinement along all three di-
rections, achievable by retro-reflecting part of the tweezer
laser intensity for increased axial confinement, it is pos-
sible to compute U±eg = E
± − 32~ωtw, with E± satisfying
the equation:
√
2
Γ(−E±/2 + 3/4)
Γ(−E±/2 + 1/4) =
1
a±eg/atw
. (3)
Here Γ is the Gamma function, (a−eg, a
+
eg) =
(219.5, 1878) a0 for
173Yb [57] and (a−eg, a
+
eg) =
(69.1, 160) a0 for
87Sr [32], with a0 being the Bohr radius.
With reasonable laser powers at magic wavelengths (see
Tables I-II in Appendix E), it is possible to achieve trap
depths of ωtw/2pi ' 100 kHz for the individual tweezers
and ωg/2pi ' 170 kHz for the transport tweezers.
In the case of 87Sr, the typical interaction energies at
the end of the transport tweezer ramp down will be much
lower (Vex/h = 6 kHz, Vd/h = 15 kHz), indicating that
a perturbative treatment is well justified. In the case of
7173Yb, the electronic triplet interaction nearly saturates
to the vibrational gap ~ωtw [56], while the singlet inter-
action is well within the perturbative regime for ωtw up
to 150 kHz. The singlet and triplet two-body motional
wavefunctions will therefore differ significantly, and the
exchange dynamics induced by suddenly turning off the
OS beam will lead to a complicated interplay of spin and
motional dynamics, invalidating the simple Hamiltonian
(1) used in the previous section.
There are several potential routes to avoiding these
complexities. One option is to keep the transport tweezer
on during the exchange gate, and use it to maintain a
sufficiently small overlap between |e〉 and |g〉 atoms for a
perturbative treatment of the interactions to be justified.
Alternatively, one could avoid using an OS beam alto-
gether; in this case the singlet-triplet basis diagonalizes
the interaction for all tweezer configurations, and a gate
will result from the relative phase difference accumulated
in the singlet/triplet channels during the merger. The
second approach can in principle yield an extremely fast
gate for 173Yb, but suffers from a sensitivity to pointing
fluctuations during the transport.
IV. REGISTER INITIALIZATION
The 1D tweezer array can be initialized with one atom
per trap starting from a low-temperature, narrow-line
magneto optical trap on the 1S0 → 3P1 transition. Light-
assisted collisions will ensure to have at least half of the
tweezers occupied by one single atom [41, 58]. The singly
trapped atoms can be detected with low atom losses
(see section V for details), and rearranged in a 1D array
with uniform spacing. The rearranging can be achieved
through the dynamically control of acousto-optical beam
deflectors [41, 42]. The atom-atom spacing d is chosen so
that the cross-talk between separate tweezers is negligi-
ble, namely the individual minima are well defined, while
at the same time the distance for transport is minimized.
Both conditions are satisfied for d ' 3λm, where λm is
the magic wavelength in consideration. After rearranging
the individual tweezers, optical pumping to the |g↓〉 state
can be efficiently performed by resonantly addressing the
1S0 → 3P1 transition with σ− polarized light.
Subsequently, the atoms can be cooled to the tweezer
motional ground state by using cycles of optical pump-
ing and resolved-sideband cooling [59, 60]. This can be
achieved in both atomic species, considering ωtw/2pi ∼
100 kHz. For 87Sr, the 1S0 → 3P1 narrow transition with
Γnat/2pi = 7.4 kHz is well within the sideband-resolved
regime. This provides a cooling rate of 10 quanta/ms
with Ωsb/2pi ' 20 kHz, yielding a final ground-state pop-
ulation n0 ' 0.99. In the case of 173Yb, the 1S0 →
3P1 transition has a linewidth Γ/2pi = 182 kHz and
can only yield an average population of a few motional
quanta. The final step of ground-state cooling can be
performed exploiting the clock transition [59–61], broad-
ened by quenching the 3P0 level with the application of
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FIG. 6. Resolved-sideband cooling: Ground state cooling
schemes for 87Sr (a) and 173Yb (b). For Yb, in order to
enhance the cooling rate on the 1S1 → 3P0 transition, the
3P0 level is quenched by a re-pumping laser set to a detuning
∆aux from the
3P0 → 3D1 transition.
3P0 → 3D1 repumping light at 1389 nm. This results in
an effective tunable scattering rate [62]:
Γeff =
Ω2aux
(Γnat + Γ1aux)2 + 4∆2aux
Γaux, (4)
where γnat is the linewidth of the clock line, Ωaux and
∆aux are the Rabi frequency and the detuning of the
3P0 → 3D1 rempumper, and Γ−1aux = Γ−11aux +Γ−12aux, where
Γ−11aux = 1.06µs and Γ
−1
2aux = 300 ns are the lifetimes of
the 3D1 and
3P1 states, respectively (see Fig. 6). The
atoms pumped in the 3P1 state decay to the ground
state 1S0, emitting 556 nm photons, which can also be
used for detection on the CCD. Atom imaging during
sideband cooling will be limited by the relatively long
lifetime of the 3P1 state and the small branching ratio
on the 3P2 state (26:1000). However, a big advantage is
that the 556 nm light can be filtered out with respect to
other wavelengths involved in the process (3P0 → 3D1 at
1389 nm and 3D1 → 3P1 at 1539 nm). With Ωaux/2pi =
∆aux/2pi = 10 MHz and Ωsb/2pi = 20 kHz, it is possible
to achieve a ground-state population n0 ' 0.98 through
a cooling rate of ∼ 0.7 quanta/ms. For both species,
ground-state cooling is limited by the heating rate asso-
ciated with the deconfinement of the 3P1 state in magic-
wavelength tweezers. This issue can be solved by per-
forming sideband cooling within tweezers tuned at the
magic wavelength between 1S0 and
3P1.
In a realistic experimental scenario, one or more mo-
tional excitations may persist in the array due to imper-
fect ground-state cooling. The exchange energy associ-
ated with atoms occupying vibrationally excited states is
significantly reduced, considerably affecting the fidelity of
two-qubit gates (see Appendix D). However, motionally
excited atoms can be selectively removed after sideband
8cooling through imaging of the 3P0 state. Following a
final red-sideband clock pulse, 3P0 state detection can be
achieved using 3D1 or
3S1 rempumping lasers. This al-
lows to directly identify and drop all excited-state atoms
participating to the red sideband, and to suitably rear-
range the array, further extracting entropy from the sys-
tem.
Following ground state cooling, the spin-polarized |g〉-
state array needs to be initialized into a staggered |e〉−|g〉
configuration (see Fig. 1). This can be realized by single-
tweezer addressing with a clock beam resonant with the
clock 1S0 → 3P0 transition, required also to perform in-
dividual single-qubit gates. To avoid cross-talking with
the neighboring g atoms on every other site, it is also
possible to use the OS or transport tweezer beams to
selectively shift the targeted atom in resonance.
V. READ-OUT
In order to read out the final state of the full quan-
tum register, we first perform a mapping of the nuclear
qubit state of the atoms in each tweezer to the electronic
state. For odd (even) tweezers, atoms are found in a
linear nuclear spin superposition of |g〉 (|e〉). The map-
ping is performed by applying a clock pi-pulse with pi-
polarization on every atom, using a frequency resonant
with the |g, ↑〉 ↔ |e, ↑〉 transition. In this way, the state
| ↑〉 is mapped to the |e〉 (|g〉) state for atoms in odd
(even) traps, whereas the |↓〉-state corresponds to the |g〉
(|e〉) state for atoms in odd (even) traps. At this point,
|g〉-state atom detection is equivalent to nuclear spin de-
tection, with bright (dark) atoms in odd traps associated
to the |↓〉 (|↑〉) state, and vice-versa in even traps.
Single-atom resolved |g〉-state detection is performed
using fluorescence imaging on the strong |g〉 → |d〉 tran-
sition, with |d〉 = |1P1〉, which provides a conveniently
high scattering rate Γg ≈ 2× 108 photons/s. This allows
for a fast single-atom resolved detection of the |g〉 popu-
lation in each tweezer, since several hundreds of photons
can be scattered during an exposure time on the order
of 100µs [63]. Using currently available EMCCD sen-
sors for fluorescent photon collection, few hundreds of
counts suffice to discriminate traps where atoms in the
bright state are present from empty ones. During 100µs
of fluorescence imaging, atoms will be heated to a few
hundreds µK, a value still well below the effective trap
depth experienced by atoms during the excitation process
(V gm + V
d
m)/2 ∼ 1 mK.
If larger fluorescence signals are required for increas-
ing the detection fidelity, the fluorescence collection time
can be greatly extended by additionally applying sub-
Doppler molasses cooling or sideband cooling operating
on the narrow 1S0 → 3P1 intercombination transition,
similar to what already demonstrated in a 174Yb quan-
tum gas microscope [58]. This would allow to collect
more than 1000 photons per atom without atom losses
from the tweezers.
Ideally, the |g〉-state detection does not perturb the
|e〉-state atoms, and therefore one can apply a subse-
quent clock pi-pulse to invert the clock state populations.
Therefore, it is possible to measure the |e〉-state popu-
lation as well, thereby improving statistics and isolating
preparation/read-out errors.
VI. CONCLUSIONS AND OUTLOOK
In this work we have laid out a new platform for quan-
tum information processing with neutral fermionic AEL
atoms via a realistic architecture, that appears entirely
within reach of state-of-art atomic physics experiments.
The peculiar properties of AEL atoms allow for high
resolution in both the spatial and spectral domain. In
particular, the synergy between a robust nuclear qubit
and an auxiliary optical qubit yields a high flexibility,
together with the use of off-resonant state-dependent
tweezer potentials to perform efficient single-atom trans-
port and rearrangements within the array. The presence
of a highly coherent spin-exchange coupling enables fast,
optically gated entangling operations, which are largely
insensitive to beam pointing and intensity fluctuations.
In addition, we have devised schemes for state prepara-
tion, single-qubit coherent manipulation, and detection
at the single-atom level. We also explored locally adia-
batic protocols for moving and merging individual atoms
in the weakly-interacting (perturbative) case. The exten-
sions of such protocols to the case of strongly interacting
atoms [64] remains an interesting open question for fu-
ture studies.
Such a versatile platform offers exciting prospects for
both quantum computing and digital quantum simula-
tion, and it can be straightforwardly extended to two-
dimensional arrays. Considering that the entangling
gates on different pairs can be performed in parallel with
virtually no crosstalks between distinct qubits, this plat-
form is ideal for the realization of genuine multi-partite
entangled states with O(N) operations. In particular,
the reliable production of cluster states [15, 65, 66] would
enable the implementation of one-way quantum comput-
ing algorithms [66, 67], where local measurements can be
achieved through the scheme proposed in Ref. [25]. Ad-
ditionally, the precise control of both internal and exter-
nal degrees of freedom enabled by this architecture could
be used for investigating RKKY and spin-orbital inter-
actions in minimal realizations of the Kondo lattice and
Kugel-Khomskii models [21, 68]. In this context, the ad-
dition of a tunable-wavelength optical lattice [69] would
provide the required flexibility for realizing two-orbital
lattice Hamiltonians on demand.
An appealing modification of this architecture can
be envisioned using Rydberg interactions for perform-
ing two-qubit gates. In this case, all atoms in the array
would be initialized in state |g〉. A two-qubit operation
could be performed by exciting two neighbouring atoms
to state |e〉 in a spin-selective fashion, using the single-
9qubit operations described in Section III. A global Ryd-
berg excitation pulse acting on the e atoms would then
apply a state-dependent phase, which after transferring
the atoms back to state |g〉 would result in a phase gate
on the nuclear qubits. Rydberg s-states can indeed be
reached from the 3P0 state through a single-photon tran-
sition, leading to increased single-photon Rydberg Rabi
frequencies with respect to alkali atoms, therefore allow-
ing for fast operations and mitigating decoherence.
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Appendix A: Motional ground state fidelity during
transport
Nearest neighbor atoms are separated by a distance
much greater than the extent of their ground state wave-
functions, and must be transported into the same loca-
tion to initiate an exchange gate. This transport can eas-
ily pose a bottleneck in the gate speed, and therefore it is
important to understand how quickly it can be achieved
without causing appreciable motional excitations. Here,
we calculate the persistence probability F for an atom
initially in the motional ground state of a tweezer to re-
main in the final (instantaneous) motional ground state
after a time-dependent manipulation of the tweezer po-
tential.
During the transport of a g-atom, the potential is a
sum of the magic wavelength potential and the transport
tweezer (which only traps the g atom). Calling the total
potential Vˆ (t) and working in the harmonic approxima-
tion Vˆ (t) ≈ 12mω(t)2[xˆ−xc(t)]2, the Hamiltonian for the
g atom can be written
Hˆ(t) = Ω(t)aˆ†0aˆ0 +
η(t)
2
(aˆ20 + aˆ
†2
0 )− F (t)(aˆ0 + aˆ†0) + c(t).
(A1)
Here aˆ0(aˆ
†
0) is the anihilation(creation) operator for ex-
citations of the initial (t = 0) Hamiltian, with cor-
responding frequency ω0 and harmonic-oscillator width
x0 =
√
~/(mω0). The time-dependent energy shift c(t)
is of no consequence in what follows, and
Ω(t) =
~ω0
2
(
[ω(t)/ω0]
2 + 1
)
, (A2)
η(t) =
~ω0
2
(
[ω(t)/ω0]
2 − 1), (A3)
F (t) =
~ω(t)2√
2ω0
xc(t)
x0
. (A4)
There are many approaches to computing dynamics
in time-dependent harmonic potentials, for example the
invariant method of Lewis and Riesenfeld [74]. Here
we follow a less technical route, and begin by writing
the Heisenberg picture anihilation operator as aˆ(t) =
u(t)aˆ0 + v(t)aˆ
†
0 + z(t). That an expansion in a0 and aˆ
†
0
truncates exactly at first-order is a unique property of
quadratic Hamiltonians, and underlies the solvability of
the problem. Now we take the time derivative of aˆ(t) as
daˆ(t)
dt
= i
(
Uˆ†[Hˆ(t), aˆ0]Uˆ
)
= −i(Ω(t)aˆ(t) + η(t)aˆ†(t)− F (t)). (A5)
Inserting the expansion for aˆ(t) back into Eq. (A5), and
then equating operator coefficients when comparing to
the explicit derivative daˆ(t)/dt = aˆ0u˙(t)+aˆ
†
0v˙(t)+z˙(t), we
obtain equations of motion for the expansion coefficients
iu˙(t) = Ω(t)u(t) + η(t)v¯(t), (A6)
iv˙(t) = Ω(t)v(t) + η(t)u¯(t), (A7)
iz˙(t) = Ω(t)z(t) + η(t)z¯(t)− F (t). (A8)
A convenient explicit representation of the time evolu-
tion operator can be obtained by writing
Uˆ(t) = Dˆ
(
α(t)
)
Sˆ
(
ζ(t)
)
Rˆ
(
θ(t)
)
, (A9)
where Dˆ, Sˆ, and Rˆ are displacement, squeezing, and ro-
tation operators, respectively. Using standard identities
to write Uˆ†(t)aˆ0Uˆ(t) in terms of α(t), ζ(t), and θ(t), and
equating operator coefficients with the expansion of aˆ(t)
in terms of u(t), v(t), and z(t), we obtain
θ(t) = − arg u(t), (A10)
ζ(t) = cosh−1 |u(t)|ei(pi−arg u(t)−arg v(t)), (A11)
α(t) = z(t). (A12)
The probability for an atom initially in the ground
state of Hˆ(0) to be in the instantaneous ground state of
Hˆ(t) at time t is given by
P0→0(t) = |〈Ψ0(t)|Uˆ(t)|Ψ0(0)〉|2, (A13)
where |Ψ0(t)〉 is the instantaneous ground state of Hˆ(t).
Using the following compact notation for a displaced and
squeezed coherent state
|ζ,α〉 ≡ Dˆ(α)Sˆ(ζ)|Ψ0(0)〉, (A14)
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it is straightforward to show that
|Ψ0(t)〉 = |ζinst(t), αinst(t)〉, (A15)
where αinst(t) =
xc(t)√
2x0
and ζinst(t) =
1
2 log(ω(t)/ω(0)).
Inserting the expression for Uˆ(t) and |Ψ0(t)〉 into Eq.
(A13), and noting that the rotation operator acts trivially
on a harmonic-oscillator ground state, we find
P0→0(t) = |〈ζinst(t), αinst(t)|ζ(t), α(t)〉|2. (A16)
With ζ(t) and α(t) obtained numerically, the right-hand
side of Eq. (A16) can be evaluated using the following
result from Ref. [75],
|〈z1, α1|z2, α2〉|2 = e
<(η21η¯12/2σ)
|σ| , (A17)
where
σ = cosh |z1| cosh |z2| − ei(arg z1−arg z2) sinh |z1| sinh |z2|,
ηjk = (αj − αk) cosh |zj | − ei arg zj (α¯j − α¯k) sinh |zj |.
(A18)
For fast (diabatic) transport, the atom may make tran-
sient excursions into the non-harmonic wings of the Gaus-
sian tweezer beam. For example, the first dip of the in-
fidelity in Fig. 4(b) corresponds to a transport protocol
in which the atom makes excursions of radius ∼ 30% of
the beam waist. A fully classical (i.e. ignoring squeez-
ing) calculation of the transport dynamics in the true
Gaussian potential suggests that the effect of the higher-
order corrections to the harmonic potential are relatively
minor, and primarily involve a slight delay of the infi-
delity dips in the diabatic regime, as shown in Fig. 7 (see
in particular Fig. 7(b) for the most diabatic transport
time considered). As seen in Fig. 7(a), for transport on
timescales of tens of µs the effect of classical dynamics
in a true Gaussian potential and in the harmonic ap-
proximation are nearly identical. The black curve shows
the maximum extent of a trajectory, xmax, as a function
of the trajectory duration. By ∼ 20µs, the maximum
deviations are only ∼ 10% the beam waist, implying cor-
rections to the harmonic potential at the ∼ 1% level.
Appendix B: Optical switch and associated
scattering rates
The optical switch (OS) principle exploits the advan-
tageous large ratio between the hyperfine splitting δHF
of the 3P1 state and the small natural linewidth of the
1S0 → 3P1 transition, typical of AEL atoms, to effi-
ciently generate a spin-dependent light shift for |g〉 atoms
[76, 77]. Indeed δHF, i.e. the energy difference between
the F ′ = F and F ′ = F + 1 manifolds of the 3P1 state,
is on the order of few h×GHz, for both 173Yb or 87Sr.
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FIG. 7. Transport corrections due to the Gaussian
tweezer potential. All parameters are the same as in Fig.
4 of the manuscript. (a) Purple dashed line is a reproduc-
tion of Fig. 4 of the manuscript. The blue solid line (mostly
concealed behind the dashed line) is the infidelity calculated
classically using the full Gaussian tweezer potential (rather
than in the harmonic approximation). The black curve shows
the maximum excursion (in units of the beam waist) of a tra-
jectory with duration t. (b) Zoom in of (a) around the first
infidelity dip. Note that the exact tweezer potential leads to
a slight delay of the infidelity dip, as the Gaussian potential
softens (slowing oscillations) away from the beam center.
The OS beam parameters, namely polarization, inten-
sity and detuning, determine the strength of the spin-
dependent light shift and the photon scattering rate for
|g〉 atoms. A σ−-polarized beam with detuning δOS =
45 GHz or δOS = 5 GHz from the
1S0 → 3P1 transition is
chosen for 173Yb or 87Sr, respectively. Such values rep-
resent a trade-off between the required beam intensity
and the induced spontaneous photon scattering, given a
differential light shift of the order of VOS/h ≈ 1 MHz
between the mF = −F and mF = −F + 1 states.
In order to compute the decoherence rates associ-
ated with the near-resonant OS beam, we considered the
processes that effectively measure the qubit state [55],
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FIG. 8. OS beam-induced decoherence processes: scat-
tering paths through OS laser absorption and spontaneous
emission. The σ− polarized light causes off-resonant optical
pumping of states |2〉 and |4〉 into states |1〉 and |3〉, featuring
a |g ↓〉 atom.
namely:
Γ↑↓ = Ω2Γ
(∑
F ′
CF ′↓CF ′↑
2δF ′
)2
, (B1)
Γel = Ω
2Γ
(∑
F ′
|CF ′↓|2
2δF ′
− |CF ′↑|
2
2δF ′
)2
, (B2)
where 2Ω2/(2J ′ + 1)2Γ2 = I/Is, with Γ = 2pi ×
182 (7.4) kHz being the natural linewidth of the 3PJ′=1
state 173Yb (87Sr), Is the saturation intensity. CF ′σ
with σ =↑, ↓ are the Clebsch-Gordan coefficients con-
necting the spin states σ with the excited states 3P1F
′
with the respective detuning δF ′ . It shall be noticed
that the choice of the σ−-polarized light and the large
detuning from the 1S0 → 3P 1 transition reduce signif-
icantly both the Raman and Rayleigh scattering rates.
It is possible to achieve Γ↑↓/(2pi) ' 5× 10−7 VOS/h and
Γel/2pi ' 1× 10−7 VOS/h, by choosing δOS = 45 (5) GHz
from the 3P 1F
′ = F + 1 for 173Yb (87Sr).
In order to estimate the motional heating η2Γσ, the
total scattering rate Γσ for the spin state σ =↑, ↓ needs
to be take into account:
Γσ = Ω
2Γ
(∑
F ′
|CF ′σ|2
2δF ′
)2
. (B3)
Appendix C: Decoherence dynamics
The decoherence associated with scattering processes
and the unitary errors induced by the OS beam can be
accounted for by using a master equation to solve exactly
the dynamics in presence of decoherence:
∂tρ =
i
~
[H, ρ] + L(ρ), (C1)
where ρ is the density matrix and L is the Lindbladian
superoperator, which can be defined as:
L(ρ) =

Γ↑↓ρ22 − η2Γ↓ρ11 −(Γ↑↓ + Γel + η2Γtot/2 ρ12 0 0
−(Γ↑↓ + Γel + η2Γtot)/2 ρ21 −Γ↑↓ ρ22 − η2Γ↑ ρ22 −(Γ↑↓ + Γel + η2Γtot)/2 ρ23 0
0 −(Γ↑↓ + Γel + η2Γtot)/2 ρ32 Γ↑↓ρ44 − η2Γ↓ ρ33 −(Γ↑↓ + Γel + η2Γtot)/2 ρ34
0 0 −(Γ↑↓ + Γel + η2Γtot)/2 ρ43 −Γ↑↓ρ44 − η2Γ↑ ρ44
 ,
where the states |1〉, |2〉, |3〉, |4〉 follow from Eq. (III B 1).
The σ−-polarized optical switch beam will cause Raman
scattering events affecting only two states (|2〉 and |4〉)
out of four, namely the ones including a |g ↑〉 atom (see
Fig. 8b). The motional heating is modeled by inducing a
non trace-preserving decay proportional to η2Γσ, where
Γtot = Γ↑ + Γ↓.
Appendix D: Impact of imperfect cooling
Here we extend the treatment of the previous section
to the case of imperfect ground-state cooling. We restrict
to the case of one single motional excitation shared by
one of the two atoms undergoing the collisional gate. We
consider contributions arising from the symmetric and
anti-symmetric vibrational states |01〉s and |01〉a defined
as:
|01〉s = |01〉+ |10〉√
2
|01〉a = |01〉 − |10〉√
2
(D1)
Therefore recalling Hamiltonian (1), we can write the full
Hamiltonian as
H = Heg ⊗ 10 +H(s)eg ⊗ 1s +H(a)eg ⊗ 1a (D2)
where H
(s)
eg and H
(a)
eg are the interaction Hamiltonians
associated to the two states defined in Eq. (D1) and 1i
is the identity matrix in the motional subspace i = 0, a, s.
On the one hand, H
(s)
eg features interaction energies very
12
close to ground state Hamiltonian Heg, because the anti-
symmetrization compensates almost exactly the reduced
integral overlap between the ground and first motional
excited state wavefunctions (this compensation is exact
for harmonic oscillator wavefunctions). On the other
hand, H
(a)
eg features no contact interactions at all, since
the spatial wavefunction is antisymmetric.
The Lindbladian superoperator acting on the density
matrix can be generalized as:
L(ρ) = L0(ρ)⊗1s⊗1a+10⊗Ls(ρ)⊗1a+10⊗1s⊗La(ρ) ,
(D3)
where L0(ρ) accounts for the heating and dephasing pro-
cesses for the atoms pair in the ground state defined
in Eq. (C2), while Ls,a accounts for dissipative pro-
cesses in the motionally excited subspace, taking into
account both the spontaneous emission processes, iden-
tical to that of atoms in the motional ground state, and
the incoherent pumping from the ground state into the
motional excited states caused by motional heating (see
section III B). Assuming that the initial state is a sta-
tistical mixture of vibrational ground and excited state
atoms, parametrized by the probability p = 〈n1〉:
ρ(0) =
[
(1− p) |00〉〈00|+ p
2
|01〉ss〈01|+ p
2
|01〉aa〈01|
]
× |e ↑, g ↓〉〈e ↑, g ↓ |, (D4)
we numerically compute the fidelity of 40 repeated two-
qubit SWAP gates. The fidelity of a single two-qubit
gate degrades linearly with p. Moreover, upon perform-
ing repeated gates, the atoms are pumped in an inco-
herent, equally populated mixture of the symmetric and
antisymmetric motional states, further deteriorating the
gate fidelity (see Fig. 9). This shows that ground-state
cooling and/or entropy extraction are crucial tools for
the architecture implementation.
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FIG. 9. Fidelity for imperfect ground-state cooling.
Error contribution to the two-qubit gate fidelity of a popu-
lation 〈n1〉 in the first vibrationally excited state. The solid
green line shows the error 1− F after 40 repeated two-qubit
SWAP gates as a function of 〈n1〉. The fidelity is calculated
by computing the overlap with the desired spin state, while
tracing over the motional degrees of freedom.
Appendix E: Wavelengths for 173Yb and 87Sr
λ (nm) αe (a.u.) αg (a.u.) Γg (s
−1) Γe (s−1)
Array 465.4 382 382 53 22
759.4 186 186 7 11
Transport 570 0 257 29 26
980 0 164 6 4
OS 555.8 49 375 (vect.) 1300 1
Clock 578.4 - - 4× 10−2 -
Detection 398.9 ≈ 100 - 1.8× 108 7× 10−6
Quench 1388.8 - - 2 1.7× 106
TABLE I. Summary of all required wavelengths for
173Yb in optical tweezers. The AC polarizabilities αg,e
are reported in atomic units for g and e states [78]. The scat-
tering rates are given by considering the intensities required to
achieve frequencies ωtw/2pi = 103 kHz and ωtr/2pi = 170 kHz
with a beam waist of 1µm for magic and transport tweezers,
respectively. For the detection beam, I/Is = 25 is assumed.
In the case of the OS beam, the total scattering rate Γg is
calculated considering a detuning δOS = 45 GHz from the
1S0 → 3P 1 F ′ = 7/2 resonance and I/Is = 5.3× 108.
λ (nm) αe (a.u.) αg (a.u.) Γg (s
−1) Γe (s−1)
Array 497.0 1350 1350 15.4 5.9
813.4 284 284 3.4 1.3
Transport 632.8 0 406 30 15
1666.6 0 ∼ 200 2 0.2
OS 689.3 1150 885 (vect.) 40 0.7
Clock 698.4 - - 6× 10−3 -
Detection 460.7 1000 - 2× 108 1× 10−4
TABLE II. Summary of all required wavelengths for
87Sr in optical tweezers. The AC polarizabilities αg,e are
reported in atomic units for g and e states [79]. The scattering
rates are given considering the intensities required to achieve
trap frequencies ωtw/2pi = 104 kHz and ωtr/2pi = 170 kHz
with a beam waist of 1.3µm for magic and transport tweez-
ers respectively. For the detection beam, I/Is = 25 is as-
sumed. In the case of the OS beam, the total scattering rate
Γg is calculated considering a detuning δOS = 5 GHz from the
1S0 → 3P 1 F ′ = 11/2 resonance and I/Is = 2.65× 109.
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